The structure of diglycolic anhydride (1,4-dioxane-2,6-dione; DGAn) isolated in a low-temperature argon matrix at 10 K was studied by means of FTIR spectroscopy. Interpretation of the experimental vibrational spectrum was assisted by theoretical calculations at the DFT(B3LYP)/aug-cc-pVTZ level. The optimized structure of the isolated DGAn molecule adopts an envelope conformation, which was found to resemble closely the structure of DGAn in a crystal. The UV-induced (λ > 240 nm) photolysis of the matrix-isolated compound was also investigated. In order to identify the main species resulting from irradiation of the monomeric DGAn, a comparison between the DFT(B3LYP)/aug-cc-pVTZ calculated spectra of the putative products and the experimental data was carried out. The observed photoproducts can be explained by a model involving four channels: (a) 1,3-dioxolan-4-one + CO; (b) CO 2 + CO + oxirane; (c) formaldehyde + ketene + CO 2 ; (d) oxiran-2-one + oxiran-2-one. As a whole, the experiments indicated that the C-O-C bridge, connecting the two CdO groups, is the most reactive fragment in the molecule excited with UV light. This observation was confirmed by the natural bond orbital (NBO) analysis revealing that the most important NBO interactions are those between the carbonyl groups and the adjacent C-O and C-C bonds.
Introduction
Glycolic acid (GA) is the simplest of the R-hydroxy carboxylic acids. This compound has been the subject of numerous investigations due to its important role in essential biological processes (e.g., the photorespiratory carbon oxidation cycle in higher plants and algae or the oxalate metabolism in human beings) 1 and industrial uses, in particular in the dermatology and cosmetics industry. 2 GA has also been used as a prototype molecule for a large family of organic acids that have recently been discussed in terms of their connection to both atmospheric chemistry and spectroscopy, 3, 4 and it was found in the organic content of aerosols in a polluted troposphere. 3 GA has been recently studied in our laboratory at the monomeric level. 5 Because it has dual chemical functionality, with both alcohol (-OH) and acid (-COOH) functional groups on a very small molecule, GA possesses unique chemical attributes, as well as typical alcohol and acid chemistry. It is a useful intermediate for organic synthesis, in a range of reactions including redox, 6 esterification, 7 and long chain polymerization. 8, 9 Polyglycolic acid (PGA) is a biodegradable thermoplastic polymer and the simplest linear aliphatic polyester. It can be prepared starting from GA by means of polycondensation 9 or ring-opening polymerization. 8 In the first half of the last century, research on materials synthesized from GA was abandoned because the resulting polymers were too unstable for long-term industrial uses. 10 However, this instability, leading to biodegradation, has proven to be extremely important in medical applications. Polymers prepared from GA have found a multitude of uses in the medical industry, beginning with the biodegradable sutures first approved in the 1960s. 10 Since that time, diverse products based on GA have been accepted for use in medicine.
Oligomers of glycolic acid can be seen as precursors for polymers as well as their decomposition intermediates. One of the simplest oligomers of GA is diglycolic acid (DGAc; HOOC-CH 2 -O-CH 2 -COOH). The thermally induced reactivity of DGAc was recently investigated by Vinciguerra et al. 11 They found that in the 200-250°C range DGAc undergoes simple fragmentation, forming the corresponding anhydride, with loss of a water molecule. On the other hand, diglycolic anhydride (1,4-dioxane-2,6-dione; DGAn), having the six-membered cyclic structure, is thermally more stable than DGAc and evaporates at nearly the same temperatures without degradation.
It was found that the general photoreaction pathways of cyclic anhydrides in the vapor 12 and liquid 13 phases concern decarbonylation and decarboxylation. However, diglycolic anhydride has not been studied from this viewpoint, neither experimentally nor theoretically.
In the current work, the infrared spectrum of DGAn isolated in an argon matrix at 10 K was studied in the 4000-400 cm -1 region. In addition, the UV-induced photochemistry of the matrix-isolated DGAn was also investigated. The assignment of the experimental vibrational spectra was assisted by calculations of the IR spectra of DGAn and of the putative photoproducts of its phototransformations. To the best of our knowledge, this is the first report on these subjects.
Experimental and Computational Methods
Diglycolic anhydride (1,4-dioxane-2,6-dione; purity g 90%) was purchased from Sigma-Aldrich. Prior to the matrix-isolation experiment, a glass tube with solid DGAn was connected to the vacuum chamber of the cryostat and evacuated by pumping for 1 h. This allowed an additional purification of the compound by removing volatile impurities.
Matrixes were prepared by deposition of DGAn vapor onto a cold CsI window (10 K) directly attached to the cold tip of a continuous flow liquid helium cryostat. The vapor of the compound was deposited from a glass tube at room temperature (24°C), together with a large excess of the matrix gas (argon). Argon of spectral purity (6.0) was supplied by Linde AG. The infrared spectra were recorded in the range 4000-400 cm -1 , with 0.5 cm -1 resolution, using a Thermo Nicolet Nexus 670 FTIR spectrometer, equipped with a KBr beamsplitter. The matrix was irradiated through the outer quartz window of the cryostat with light from an HBO200 high-pressure mercury lamp. This lamp was fitted with a water filter (to remove IR radiation) and a suitable cutoff filter, UG11 or UG5 (Schott), transmitting light with λ > 270 nm or λ > 240 nm, respectively.
Theoretical calculations were performed using the Gaussian 03 program package 14 at the DFT(B3LYP) level of theory, 15 with the Dunning aug-cc-pVTZ basis set. 16 At the optimized geometries of the investigated molecules (Table 1) , the harmonic vibrational frequencies and IR intensities were calculated. To correct for the systematic shortcomings of the applied methodology (mainly for anharmonicity), the predicted vibrational wavenumbers were scaled down by a single factor of 0.99. The theoretical normal modes were analyzed by carrying out the potential energy distribution (PED) calculations. Transformations of the force constants with respect to the Cartesian coordinates to the force constants with respect to the molecule fixed internal coordinates allowed the PED analysis to be carried out as described by Schachtschneider and Mortimer. 17 The internal symmetry coordinates used in the analysis of the normal modes of the DGAn molecule are listed in Table 2 . The elements of the computed PED matrixes greater than 10% are presented in Table 3 .
To better understand the specific nature of the intramolecular interactions, the electronic structure of DGAn was characterized by natural bond orbital (NBO) analysis, using NBO version 3, as implemented in Gaussian 03. 14 
Results and Discussion
Theoretical Calculations of the Structure of Diglycolic Anhydride. The DGAn molecule would adopt the structure with the highest possible symmetry (C 2V ) if all the carbon and oxygen atoms were located in the same plane (and the methylene hydrogen atoms situated symmetrically with respect to this plane). For a six-membered ring, this would imply that the angles formed by heavy atoms would be approximately equal to 120°. However, the ring angles around the saturated carbon atoms of the two methylene groups tend to be approximately tetrahedral, i.e., ≈ 109.47°. Then, a more energetically favorable structure would be adopted if the angle strain in the sixmembered ring could be reduced by changing the molecular geometry without implying large changes in the a priori preferred angles around the ring atoms. To satisfy this requirement, the molecule must depart from the C 2V symmetry. Indeed, taking into consideration the above reasoning, Le Fèvre and Sundaram, 18 in an early attempt to characterize the equilibrium geometry of DGAn molecule, predicted it to adopt a 'chair' structure, where both ring oxygen atoms would not share the plane of the four carbon atoms.
In the present study, the geometry of the DGAn molecule was optimized under C 2V , C 2 , C s , and C 1 symmetry constraints at the DFT(B3LYP)/6-311++G(d,p) level of theory. The C 2V and C 2 structures were found to be second-and first-order transition states, respectively. The C s structure was characterized as a true minimum, while optimization without symmetry restrictions (C 1 point group) converged to a geometry closely resembling the C s structure. The calculations carried out at the MP2/6-311++G(d,p) level were essentially in agreement with the DFT results.
The geometry optimizations were then repeated at the higher theory level, DFT(B3LYP)/aug-cc-pVTZ. These calculations also yield a single minimum on the ground-state potential energy surface of the molecule, corresponding to the C s structure (see Figure 1 ) This was confirmed by the vibrational analysis which did not show any imaginary frequencies for the C s structure. 19 Interestingly, the minimum-energy structure found in our calculations is different from that suggested in the work of Le Fèvre and Sundaram. 18 The DFT(B3LYP)/aug-cc-pVTZ calculations, carried out in the current work, predict only one ring oxygen atom to depart substantially from the plane of the remaining heavy atoms (see Figure 1) .
The geometrical parameters calculated for DGAn in the present study are collected in Table 1 and compared there with Figure 1 for atom numbering.
b The crystal unit cell consists of two independent DGAn molecules (referred to in the original work as A and B). The bond lengths and valence angles for these two molecules were found to be equal within the estimated standard deviation and thus were averaged, while the dihedral angles were found to be slightly different (see ref 20) .
the experimental values obtained for DGAn in crystals. 20 Since the molecule of DGAn is fairly rigid and free of hydrogen bonds in the solid state, the geometry in the crystal is expected to undergo only small distortions compared to the free molecule. Indeed, the similarity between the crystal data and those calculated for the monomer in vacuum is notable (see Table 1 ).
In the crystal, similarly as for the isolated molecule, the four carbon atoms are essentially planar (deviations from planarity do not exceed 0.01 Å) and only one ring oxygen atom (O 6 ) deviates substantially from this plane (ca. 0.63 Å). The three remaining oxygen atoms deviate no more than 0.17 Å from the plane of carbon atoms, 20 In the minimum energy configuration, the molecular symmetry plane contains the two ring oxygen atoms (O 3 and O 6 ) and bisects the molecule (it is perpendicular to the plane of the carbon atoms), Figure 1 . The C 2 -C 1 -O 6 and C 4 -C 5 -O 6 angles are equal to 112.9°(see Table 1 ), indicating that the atom arrangements at C 1 and C 5 are essentially tetrahedral. The calculated value of the C 1 -O 6 -C 5 angle is equal to 111.9°, which is close to the COC unstrained angle in dimethyl ether (112.7°, calculated at the same DFT(B3LYP)/aug-cc-pVTZ level for the purpose of the present study; 111.8°, as determined by gas electron-diffraction and microwave spectroscopy). 22 Infrared Spectrum of Diglycolic Anhydride. One of the main advantages of the matrix-isolation technique is the very small change introduced to the geometry of the embedded guest molecules by the inert matrix environment. Hence, the structure of matrix-isolated molecules is essentially the same as the structure of these molecules in vacuum. Therefore, a direct comparison between the experimental matrix-isolation infrared spectra and the spectra calculated for the molecule in vacuum is an efficient tool for the structural characterization of matrixisolated species.
The harmonic vibrational frequencies and the corresponding infrared intensities were calculated [at the DFT(B3LYP)/augcc-pVTZ level] for the optimized structure of DGAn (shown in Figure 1 ). The calculated normal modes were analyzed in terms of their potential energy distribution (PED). The definitions of the internal symmetry coordinates used in the PED analysis are provided in Table 2 .
The theoretically calculated spectrum of DGAn is compared with the experimental FTIR spectrum of matrix-isolated DGAn in Figure 2 and in Table 3 . The good agreement between the experimental and calculated spectra validates the theoretically calculated structure of the DGAn monomer and allows a reliable assignment of the experimental IR bands.
The most intense band (at 1800 cm -1 ) in the IR spectrum of DGAn is associated with the antisymmetric (A′′) stretching vibration of the two CdO groups [V a (CdO)], whereas the symmetric (A′) stretching mode is associated with the matrixsite-split band with maxima at 1841, 1838, and 1835 cm -1 . The relatively intense band at ca. 1785 cm -1 belongs also to the spectrum of DGA monomers. This band is assigned to the V s (CO)′ + a (CdO) combination tone (A′′) enhanced through Fermi resonance with V a (CdO). The V s (CO)′ and a (CdO) fundamentals are observed at 1250 and 539 cm -1 , respectively (see Table 3 ). 
a See Figure 1 for atom numbering. rm,n is the distance between atoms A m and An; m,n,l is the angle between vectors AlAm and A lAn; γm,n,l,o is the angle between the vector AlAm and the plane defined by atoms A n, Al, Ao; τm,n,l,o is the dihedral angle between the plane defined by A m, An, Al and the plane defined by An, Al, Ao atoms; s ) symmetric; a ) antisymmetric; ν ) stretching; ) in-plane bending; γ ) out-of-plane bending; τ ) torsion; scis ) scissoring; rock ) rocking; wag ) wagging; twist ) twisting. In the 1850-1500 cm -1 spectral region only the bands due to the two carbonyl stretching modes are predicted by the theoretical calculations. Accordingly, in the experimental spectrum of monomeric DGAn this spectral range is free of any absorptions of non-negligible intensity. In addition, the bands due to the scissoring vibrations of CH 2 groups, predicted and observed in the 1460-1430 cm -1 range, are of low intensity. Altogether, this creates a characteristic gap from 1800 to 1350 cm -1 in the IR spectrum of DGAn.
It is also worth noticing that all the intense IR bands appearing in the 1250-900 cm -1 range are due to modes with significant contributions from the stretching vibrations of the C-O bonds, the most intense ones corresponding to the antisymmetric stretching modes [V a (CO)′ and V a (CO)′′]. In the low-frequency range (600-535 cm -1 ), the most intense bands are of medium intensity and originate from the γ a (CdO) and a (CdO) vibrations.
UV Induced Photochemistry of Diglycolic Anhydride. DGAn monomers isolated in an argon matrix were subjected to a series of UV irradiations with different long-pass filters, gradually decreasing the cutoff wavelength, and thus increasing the transmitted UV energy. No UV-induced changes were observed when the matrix was irradiated with light of λ > 270 nm. Upon irradiation with UV light of shorter wavelengths (λ > 240 nm), the IR bands due to DGAn started to decrease and new absorptions appeared in the spectrum. At this cutoff wavelength, a series of irradiations was carried out, with different exposure times. After 6 h of irradiation, ca. 52% of the reagent was consumed.
The spectrum of the photoproducts resulting from the UV irradiation of matrix-isolated DGAn is presented in Figure 3 (top frame). This spectrum was obtained by subtracting the spectrum of the initially deposited compound (scaled with the factor 0.48) from the spectrum of the sample recorded after 6 h of irradiation.
Interpretation of the bands in the 2500-1600 cm -1 region (Figure 3) is the key to solve the photochemistry of DGAn. This region is characteristic of CO 2 , CO, and the carbonyl stretching vibrations, whose frequencies are particularly sensitive to the size of the ring to which the CdO group is attached. 23 Chart 1 shows the structures of the possible products of DGAn photochemistry (see a detailed discussion below). Whenever possible, the assignment of bands due to these photoproducts was validated by comparison with the experimental spectra of the compounds isolated in low-temperature inert matrixes or in the gas phase. 
a Qualtitative intensities: vs, very strong; s, strong; m, medium; w, weak; vw, very weak; br, broad; sh, shoulder. b DFT harmonic frequencies were scaled using a single scaling factor of 0.99. c s ) symmetric; a ) antisymmetric; ν ) stretching; ) in-plane bending; γ ) out-of-plane bending; τ ) torsion; scis ) scissoring; rock ) rocking; wag ) wagging; twist ) twisting. See Table 2 for the definition of the symmetry coordinates used in the normal-mode analysis for DGAn (atom numbering as in Figure 1 ). PEDs lower than 10% not included. d Normal modes in bold font are the approximate description.
e The strong band at 1784 cm -1 and the two shoulders at higher wavenumbers, 1788 and 1786 cm -1 , are due to a Fermi resonance interaction involving the combination tone νs(CO)′ + a(CdO).
f n.o. ) not observed; n.i. ) not investigated.
The antisymmetric stretching vibration of monomeric CO 2 gives rise to the very characteristic bands between 2345 and 2339 cm -1 . 24 The band due to the antisymmetric stretching vibration in the RHC)CdO species [in ketene itself (R ) H) 25 and in substituted ketenes (R ) alkyl group)] has a typical frequency 26 of ca. 2140-2138 cm -1 . However, assignment to ketene cannot be unequivocal in this spectral region, since carbon monoxide also absorbs at the same frequencies. 27 The absorptions above 1900 cm -1 are characteristic of stretching vibrations of carbonyl groups attached to threemembered rings. For example, in gaseous cyclopropanone 28 the frequency of the stretching vibration of the CdO group is equal to 1906 cm -1 . Deltic acid 29 and its dimethyl ester, 30 produced by in situ broadband UV irradiation of the matrix-isolated squaric acid and squaric acid dimethyl ester, respectively, give rise to the IR bands appearing at 1905 cm -1 and in the 1950-1850 cm -1 region, respectively. Oxiran-2-one ring system is another good candidate for absorption at such a high frequency. 31 Isomeric open-chain structures are expected to exhibit absorptions at much lower frequencies. 32 Absorptions in the 1850-1800 cm -1 spectral region are expected for carbonyl groups attached to four-or five-membered rings. For example, for gaseous cyclobutanone, the carbonyl stretching vibration was reported at 1815 cm -1 , 28 whereas for matrix-isolated 2(5H)-furanone the carbonyl stretching band was found at 1794 cm -1 . 23, 33, 34 In the photochemistry of DGAn, a photoproduct with a carbonyl group attached to a five-membered ring can be obtained by decarbonylation of the DGAn molecule. This species (1,3-dioxolan-4-one, Chart 1) could be responsible for the absorptions at 1832.6, 1817.4, and 1814.6 cm -1 .
Finally, the absorption at 1740-1738 cm -1 is characteristic of matrix-isolated formaldehyde (OdCH 2 ). 35 Interpretation of the experimental data was further assisted by theoretical calculations [at the DFT(B3LYP)/aug-cc-pVTZ level]. By analogy with the crystals of DGAn, where the structure of monomeric units is weakly affected by the neighboring molecules, 20 we assumed that intermolecular interactions between the products of decomposition of DGAn formed in the same argon matrix cage are also weak. In such a case, the spectra of the associates should not differ much from the spectra of the individual species. Indeed, as it was recently observed for the molecules of diazines (pyrazine, pyrimidine, and pyridazine), the spectra of the matrix-isolated monomeric species strongly resemble the spectra of the corresponding crystals. 36 Such a resemblance can be attributed to the absence of the intermolecular hydrogen bonds, which may strongly affect the vibrational spectra of the aggregates even at the dimeric level. 37 Such compounds as formaldehyde, ketene, CO, and CO 2 (that can appear as photoproducts of DGAn, see below) do not form hydrogen bonds and thus the dimers (or trimers) including these species were not simulated in the calculations. All the calculations on the photoproducts were performed for the monomers. The validity of such approach was demonstrated in our previous study, 38 where no significant difference was found between the spectra of individual photoproducts (like CO and CO 2 ) and the spectra of matrix-isolated complexes containing these products.
Following the above-described strategy of interpretation, we suggest a model for the observed photochemistry. The UVinduced decomposition of matrix-isolated DGAn can be explained in terms of four photochemical processes, schematically shown in Scheme 1. These photoreactions should generate seven different photoproducts: carbon dioxide, ketene, carbon monoxide, oxiran-2-one, 1,3-dioxolan-4-one, formaldehyde, and oxirane (see Chart 1 and Scheme 1). In order to assess the amounts of these species, the calculated intensities of the IR bands due to these products were reduced to match the experimentally observed data (compare top and middle frames of Figure 3) . In that way, the relative efficiencies of the four pathways of UV-induced decomposition of DGAn were obtained. The values of these efficiencies (shown in Scheme 1) were normalized so that their sum is equal to 52%, i.e., to the percent of DGAn consumed in the photoreactions.
More than a half of the reacted compound (30%) is consumed in channel a (Scheme 1), where DGAn undergoes decarbonylation and forms 1,3-dioxolan-4-one. The latter photoproduct is characterized by a strong absorption centered at ca. 1830 cm -1 . 33 1,3-Dioxolan-4-one has a very characteristic pattern of six bands in the 1220-950 cm -1 region of the infrared spectrum (Figure 4) Table 4 . The agreement between the spectrum calculated for 1,3-dioxolan-4-one and the corresponding bands in the experimental IR spectrum of the photoproducts generated upon UV irradiation of DGAn monomers is so good (see Figure 4 ) that the identification of this species seems to be unquestionable.
Another 10% of the reagent, consumed in channel b, is phototransformed into CO, CO 2 , and oxirane. A further 10% decomposes in channel c to give ketene, CO 2 , and formaldehyde. Finally, in channel d, accounting for the remaining 2% of the reacted substrate, the DGAn molecule is transformed in two molecules of oxiran-2-one (see Scheme 1). After reducing the calculated intensities of IR bands in the spectra of photoproducts generated in channels a, b, c, and d to 30, 10, 10, and 2%, respectively, the simulated superposition spectrum of all photoproducts is in a fairly good agreement with the experiment (Figure 3) . Top: Experimental FTIR spectrum of photoproducts emerging upon UV (λ > 240 nm) irradiation of diglycolic anhydride (DGAn) isolated in an argon matrix at 10 K. The bands due to the nonreacted starting compound were nullified. Bottom: Infrared spectra of putative photoproducts calculated at the DFT(B3LYP)/aug-cc-pVTZ level of theory in harmonic approximation. The calculated wavenumbers were scaled by a factor of 0.99. The calculated intensities of individual compounds were scaled to attain the best match between the simulated and experimental spectra (see text). Middle: Superposition spectrum of the compounds shown in the bottom frame. This spectrum was simulated using Lorentzian functions centered at the scaled calculated wavenumbers and with bandwidths at half-height equal to 5 cm -1 .
The vibrational signatures of six of the seven photoproducts proposed by the model presented in Scheme 1 were already discussed above, during the assignments of the carbonyl stretching region. The seventh photoproduct, oxirane, does not contain a carbonyl fragment and should absorb at lower frequencies. The infrared spectrum of oxirane in the gas phase exhibits an intense band at 877 cm -1 (ref 39), and the DFT(B3LYP)/aug-cc-pVTZ calculation predicts this feature to appear at 878.8 cm -1 . This mode (due to the deformation of the oxirane three-membered ring) was assigned to the experimental band found at 903.3 cm -1 in the spectrum of the photoproducts generated from DGAn ( Figure 3) . The full comparison of the experimental and calculated spectra due to the DGAn photolysis products is presented in Table 4 .
Mechanisms of UV-Induced Photochemistry. The sixmembered ring of DGAn is saturated, i.e., all ring bonds are formally single. As a consequence, closed-shell photoproducts can be formed only if the photochemical cleavage of one of the ring bonds is accompanied by cleavage of other bond(s). From the viewpoint of photochemistry, it is instructive to compare DGAn with other cyclic molecules with several single bonds in their rings. The five-membered rings of tetrazoles and 
SCHEME 2: Some Hypothetic Photochemical Transformations of Diglycolic Anhydride (DGAn) a
a The observed photoproducts are enclosed in ovals. The ring bonds in the reagent molecule are numbered from 1 to 6. The same numbers are indicated in the structures of the photoproducts. The bonds that undergo cleavage at the start of particular photochannels are crossed. The newly formed bonds are designated by "N". The pairs of bonds (numbers) over the reaction arrow designate the bonds undergoing cleavage, and the numbers in parentheses below the reaction arrows designate the symmetrically equivalent combinations. Compounds designated as b1, c1, c2, and c3 were not identified in the experiment.
tetrazolones contain three and four single bonds, respectively. In the previous studies of the UV-induced photochemistry of matrix-isolated tetrazoles and tetrazolones, 40 we have found that (i) there are multiple photochannels observed, with a pairwise cleavage of two formally single bonds in a particular reaction; (ii) if all the photochannels are considered, then each formally single bond is susceptible to photochemical cleavage; (iii) each single bond may be cleaved in combination with cleavage of some other single bond(s); different combinations result in different photochannels. Out of these combinations only those which result in radical species were not confirmed experimentally. 40 A similar situation occurs in DGAn. No experimental evidence of cleavage of pairs of bonds attached to the same oxygen atom (1,2) or (4,5) was observed (see Scheme 1 for explanation of bond numbering). Such cleavages would generate atomic oxygen radical. Similarly, no indications of photochannels involving cleavage of pairs of bonds attached to the same methylenic carbon (3, 4) or (5, 6) were found in the experimental spectra. The latter cleavages would lead to generation of methylene radical.
The photofragmentation of DGAn ring obeys certain regularities, and a mechanistic model accounting for these regularities is discussed below.
Analysis of the reactions presented in Scheme 1 reveals that photochannels a and b might be related. These two photochannels have a common photoproduct, carbon monoxide, which is formed by the cleavage of bonds 1 and 6. In channel a, the remaining molecular fragment rearranges to form a fivemembered ring, whereas in channel b an additional bond is cleaved and the starting molecule splits into three pieces. The question arises whether in channel b the three bonds are cleaved simultaneously, in a concerted way, or the five-membered ring of 1,3-dioxolan-4-one formed in channel a undergoes the secondary photochemical reaction generating carbon dioxide and oxirane. Further questions also arise: if the cleavage of the DGAn ring in channel b is not concerted, may it proceed in another order, i.e., with the initial cleavage of different pairs of bonds, e.g., (3 and 6) or (1 and 3)? Does it also apply to other photochannels where more than two bonds must be cleaved to give the final set of photoproducts?
Scheme 2 represents a more detailed reaction scheme, where some possibilities of a stepwise ring cleavage are depicted. Let us consider channel c first. This channel results in the cleavage of bonds 1, 3, and 5 (see Scheme 2) . The final result may be achieved via three different multistep channels. Namely cleavage of bond pairs (1,3), (1, 5) , and (3, 5) . If these possibilities were effective, then three additional reaction intermediates would be formed. These would correspond to γ-propiolactone (c1), acetic acid peroxy lactone (c2), and malonic anhydride (c3), respectively (see Scheme 2). However, these putative photoproducts were not observed in the experiment, which suggests that the photochemical cleavage of DGAn in channel c occurs in the concerted way, with simultaneous cleavage of three bonds. Now, let us consider channel b, where bonds 1, 3, and 6 are cleaved (Scheme 1). The stepwise cleavage offers three possibilities: (1,3) , (1, 6) , and (3,6). As it was shown before, the cleavage of the (1,6) type does occur in the experiment and corresponds to photochannel a. The cleavage of the (1,3) type would result in formation of carbon dioxide and γ-propiolactone, which is identical to channel c1 discussed just above. The different secondary cleavage of the 'might-be-formed' γ-propiolactone [structure c1 in Scheme 2] would then lead to the set of photoproducts characteristic of either channel b or channel c. Finally, the cleavage of the 3,6 type should lead to simultaneous formation of oxirane and oxalic anhydride [structure b1 in Scheme 2] . However, there is no experimental spectral evidence of formation of either γ-propiolactone or oxalic anhydride, and then it is very likely that the cleavage of the three bonds in photochannel b also occurs in a concerted way.
Let us also consider channel d. This photochemical channel leads to production of oxiran-2-one, which can subsequently Tables S1-S7 (Supporting Information) . b s ) symmetric; a ) antisymmetric; ν ) stretching;
) in-plane bending; γ ) outof-plane bending; τ ) torsion; scis ) scissoring; rock ) rocking; wag ) wagging; twist ) twisting.
undergo secondary cleavage resulting in formation of carbon monoxide and formaldehyde. The latter two photoproducts were observed in the experiment, but they may result from alternative photochannels. The present experiments give no straight answer if this possibility is effective (or not). It is also possible that some branched reactions such as those presented in Scheme 2 contribute to the photochemistry of diglycolic anhydride.
Finally, it should be noted that all observed photochemical reaction channels involve the initial cleavage of one of the C-O bonds in the anhydride fragment (bonds 1 or 2), whereas almost all reaction channels involve also the cleavage of a C-C bond. These bonds are adjacent to the CdO fragments, which are the target of the initial UV excitation. In the next section, it will be shown that the strong orbital interactions between the CdO moieties and the adjacent C-O and C-C bonds make these latter more susceptible to the influence of the excitation (including, as observed, bond cleavage).
Natural Bond Orbitals (NBO) Analysis. NBO analysis provides an electronic structure description akin to the classic Lewis bonding theory. 41, 42 Filled NBOs, empty bond NBOs, and non-Lewis extra valence Rydberg orbitals, as well as their interactions according to second-order perturbation theory of the Fock matrix, 41 are considered in this analysis. In the NBO analysis presented below, the calculated DFT(B3LYP)/aug-ccpVTZ wave functions were considered. a The presented description is made in the space of the input atomic orbitals [as given by the aug-cc-pVTZ basis set used in the calculations]. The %A and %B values correspond to the contributions of the atomic orbitals of the two atoms forming a bond (by order of appearance in the corresponding entry in the first column) for the NBO orbitals extracted from the polarization coefficients [ (41)] given in the description of the NBO orbitals. b See atom numbering in Figure 1 .
c Occupancy is given with an exaggerated accuracy, as in the Gaussian output file. Selected NBOs, which were calculated to have a significant occupancy, are presented in Table 5 . The description is made in the space of input atomic orbitals [as given by the aug-ccpVTZ basis set used in the calculations]. The table also shows the percentage ratio of the atomic orbitals on each atom forming a bond, extracted from the polarization coefficients 41 of the NBO orbitals.
The NBO analysis reveals the following features: (i) The σ(CdO) bonding orbitals are, as expected, strongly polarized toward the oxygen atoms. (ii) The π(CdO) bonding orbitals are even more polarized toward the oxygen atoms, their occupancies being slightly smaller than those of the σ(CdO) orbitals (1.989 e vs 1.995 e). (iii) The σ*(CdO) and π*(CdO) antibonding orbitals are polarized toward the carbon atom, the second ones showing a larger occupancy than the first ones; the occupancy of the π*(CdO) antibonding orbitals is as large as 0.164 e. (iv) The carbonyl carbon atoms are, as expected, hybridized sp 2 , with the two hybrid orbitals forming the σ bond with the carbonyl oxygens and the adjacent carbon atoms having a larger s character and the one connecting the carbonyl carbon atom to the ring heteroatom having an increased p character.
(v) The carbonyl oxygen atoms are hybridized sp; one of the two hybrid orbitals has a high p degree and forms the σ(CdO) bond, while the other has a high s content and is occupied by a lone pair of electrons; the two p orbitals form the π(CdO) bond and accommodate the second lone electron pair. (vi) The occupancy of the sp-hybrid lone-pair orbital of the carbonyl oxygens is relatively high (1.980 e), while that of the second lone-pair orbital is considerably low (1.828 e), indicating that the latter orbital is extensively involved in charge donation. (vii) Both ring oxygen atoms (O3 and O6) may be considered as hybridized sp 2 , though the s and p contributions to the hybrid orbitals forming the two C-O bonds and that associated with the σ lone-electron pair are considerably different in the case of O6. Indeed, for this latter atom, the hybrid orbitals participating in the C-O bonds have a high p contribution, which make them look as sp 3 hybrids (that is why the C-O6-C angle is only 111.9°; see Table 1 ), while the hybrid orbital accommodating the σ lone-electron pair has a large s character, approaching that of an sp hybrid. Nevertheless, for both oxygen atoms, two hybrid orbitals are used to make the bonds with the neighboring carbon atoms and the third one accommodates one of the lone Table 6 . Color codes for atoms: red, oxygen; gray, carbon; white, hydrogen.
electron pairs, whereas a pure p orbital accommodates the second lone electron pair (see Table 5 ). For both atoms, the occupancies of the p-type lone electron pair orbitals are smaller than those of the hybrid orbitals. However, it is the p-type lone electron pair of the anhydride oxygen atom (O3) the one that has the lowest occupancy among all occupied orbitals (1.744 e), which indicates that this orbital is a strong electron donor orbital, in line with its expected participation in the resonance interaction within the anhydride fragment. (viii) The hybrid orbitals involved in the ring C-O bonds exhibit a strong polarization toward the oxygen atoms and have an increased p character. In turn, the oxygen hybrid lone-electron pair orbitals have a reduced p character (see Table 5 ). Table 6 shows the results of the second-order perturbation theory analysis of Fock matrix in NBO basis. This analysis is carried out by examining all possible stabilizing interactions between 'filled' (donor) Lewis-type NBOs and 'empty' (acceptor) non-Lewis NBOs and estimating their energetic importance by the second-order perturbation theory. 41 Since these interactions lead to donation of occupancy from the localized NBOs of the idealized Lewis structure into the empty nonLewis orbitals (and thus, to departures from the idealized Lewis structure description), they are sometimes also referred to as 'delocalization' corrections to the zeroth-order natural Lewis structure. For each donor NBO (i) and acceptor NBO (j), the stabilization energy E(2) associated with delocalization i f j is estimated as
where q i is the donor orbital occupancy, ε i and ε j are diagonal elements (orbital energies) and F(i, j) is the off-diagonal NBO Fock matrix element. In Table 6 only the most important interactions (corresponding to the largest E(2) values) are presented. These interactions are also illustrated graphically in Figure 5 . The energetically most relevant orbital interactions are the following: (i) charge transfer from the p-type lone-electron pair of O3 to the π*(CdO) bonds ( Figure 5A,B) , which is a measure of the delocalization within the OdC-O-CdO fragment; (ii) charge transfer from the in-plane p-type lone-electron pair of the carbonyl oxygens to the σ*(C-C) and σ*(C-O) antibonding orbitals ( Figure 5E -H); these interactions correspond to the traditional back-donation effect from the carbonyl oxygen to the adjacent bonds, through the σ system; (iii) interactions between the sp-hybrid lone-electron pair orbital of the carbonyl oxygens and the carbonyl carbon atoms (through a Rydberg orbital) ( Figure 5C,D) , which also express a back-donation effect. It is interesting to note that similar orbital interactions have been recently found for the analogous five-ring heterocycle molecule, 2(5Η)-furanone. 23 
Conclusions
The structure and photochemistry of diglycolic anhydride (DGAn; 1,4-dioxane-2,6-dione) isolated in a low-temperature argon matrix were studied by FTIR spectroscopy and DFT calculations. In the matrix, the DGAn molecule adopts an envelope conformation, closely resembling that found in the crystalline phase. Photochemical transformations induced by UV irradiation (λ > 240 nm) of the matrix-isolated compound were found to be complex, leading to formation of several photoproducts, which could be identified experimentally based on the comparison between the experimental spectra and those theoretically predicted by the DFT calculations. Four main photochemical channels could be identified and their relative efficiency estimated: (a) 1,3-dioxolan-4-one + CO (30%); (b) CO 2 + CO + oxirane (10%); (c) formaldehyde + ketene + CO 2 (10%), and (d) oxiran-2-one + oxiran-2-one (2%). The experiments also point to the occurrence of channels c and d through a concerted mechanism, involving cleavage of three bonds. The experimental observations evidence the occurrence of a number of secondary reactions. All observed photochemical processes involve cleavage of a C-O bond adjacent to a carbonyl group and also, in general, of one of the C-C bonds (which are also adjacent to the carbonyls), indicating a substantial degree of electronic coupling between the carbonyl groups and their adjacent bonds. This was fully confirmed by NBO analysis, which revealed that the most important NBO interactions were the charge transfer from the p-type loneelectron pair of O3 to the π*(CdO) bonds (which is a measure of the π delocalization within the OdC-O-CdO fragment) and the charge transfer from the in-plane p-type lone-electron pair of the carbonyl oxygens to the adjacent σ*(C-C) and σ*(C-O) antibonding orbitals.
